Purpose-Platinum-based chemotherapy remains the standard treatment for advanced urothelial carcinoma by inducing DNA damage. We hypothesize that somatic alterations in DNA damage response and repair (DDR) genes are associated with improved sensitivity to platinum-based chemotherapy.
Introduction
Platinum-based chemotherapy regimens remain the standard of care for locally-advanced and metastatic urothelial carcinoma. Cisplatin-based chemotherapy has consistently been associated with response rates of 40-50% and median OS in the range of 14-15 months 1,2 , while carboplatin-based regimens have similar response rates but median OS between 9 and 12 months. [3] [4] [5] Efforts to improve outcomes, such as the addition of new agents or dose intensification, have not resulted in substantial improvements. Clinical variables such as the presence of visceral metastases and impaired performance status have been shown to define poor prognostic categories. 6 Recently, next generation sequencing has revealed underlying biological drivers of carcinogenesis and disease progression for urothelial carcinoma. [7] [8] [9] However, no clinically validated predictive marker for therapeutic efficacy exists for patients with metastatic urothelial carcinoma treated with platinum-based chemotherapy.
Platinum compounds exert cytotoxic effects by forming DNA adducts which interfere with DNA replication and consequent gene transcription. However, complex mechanisms are in place to detect DNA damage and initiate various repair pathways. Inactivating alterations of genes involved in DNA repair pathways are frequently observed in cancer and the presence of somatic alterations in these genes have been reported to correlate with improved pathologic response following neoadjuvant cisplatin-based chemotherapy and possibly overall survival in urothelial carcinoma. [10] [11] [12] In this study, we sought to determine whether alterations of genes involved in DNA damage response and repair (DDR) are associated with improved sensitivity to platinum-based chemotherapy, as measured by objective response, progression free survival (PFS), and overall survival (OS) in patients with metastatic urothelial carcinoma.
Methods

Study Design and Patients
Between 10/2012 and 09/2015, next generation sequencing was performed on consecutive cases of bladder cancer. Patients were included in this study if they had histologically confirmed urothelial carcinoma, radiographic evidence of unresectable locally advanced or metastatic disease, receipt of platinum-based chemotherapy as first-line therapy in a noncurative setting, and sequencing performed on specimens prior to commencement of platinum chemotherapy. In addition, 10 specimens from DFCI with de-identified clinical data were included.
The primary objective was to examine the association between the presence of any DDR gene alteration and objective response, PFS and OS. We also explored the effect on these clinical endpoints by the number of individual DDR gene alterations in a given tumor identified on our institutional next generation sequencing platform and the number of DNA repair pathways involved on these endpoints. Thirdly, we assessed the association of DDR gene alterations with both total tumor mutation and copy number alteration burden.
Data Collection
Baseline patient and disease characteristics were extracted from institutional electronic health records. Variables collected include: gender, age, ECOG performance status, site of primary tumor, prior neoadjuvant or adjuvant platinum chemotherapy treatment, sites of metastatic disease, and treatment regimens received.
Tumor Sequencing
All protein-coding exons of 341 cancer-associated genes were sequenced using the Integrated Molecular Profiling of Actionable Cancer Targets (MSK-IMPACT) assay. 13 Thirty-four genes within MSK-IMPACT were identified as DDR-related based on Pubmed searches and the NCBI Gene and Biosystems Databases (Supplemental table 1).
Determination of Deleterious Mutation Status
All loss of function alterations were considered deleterious, including nonsense mutations, frameshift or splice site alterations.
Two different approaches were employed to determine functional impact of missense mutations. The first was via in silico functional analysis using Polyphen-2 14 and MutationAssessor 15 which employed various predictive features, alignment pipelines and method of classification to predict the functional impact of amino acid substitutions in proteins. Any missense mutations classified as "possibly damaging" or "probably damaging" in Polyphen2, or "medium" or "high" in MutationAssessor were considered deleterious.
The second method was previously described by Iyer et al 16 and involved manual review of identified missense mutations in Catalogue of Somatic Mutations in Cancer (COSMIC), recurrent hotspot mutations 17 and PubMed searches. Based on previous work 11 , all ERCC2 missense mutations within or near the helicase domains were considered deleterious.
MSK-IMPACT Gene Panel as Surrogate of Total Mutational Burden
To demonstrate that mutation load estimates based on our MSK-IMPACT assay largely recapitulated what whole exome sequencing would have generated, we compared mutation counts generated from all sequences produced by TGCA bladder cancer whole exome sequencing with counts generated after first subsetting TCGA data to only those reads that coincide with the MSK-IMPACT capture regions. Because the data is not normally distributed, we use Spearman's correlation to examine the strength of association. The Cancer Genome Atlas (TCGA) dataset was accessed via cBioPortal (www.cbioportal.org/; last updated January 28, 2016) and FireHose (https://gdac.broadinstitute.org/; last updated January 28, 2016).
Statistical Methods
Patient and disease characteristics were compared using Fisher's exact test when categorical and Kruskal-Wallis test when continuous. Tests of trend across categories of number of DDR alterations were conducted. Best response was assessed based on RECIST v1.1 criteria. OS was calculated from the start date of platinum-based chemotherapy to the date of death of last follow-up. Patients still alive at last follow-up were censored for OS. PFS was calculated from the start date of platinum-based chemotherapy to the date of progression, death, or last follow-up. Patients alive and without progression were censored for PFS. For the TCGA cohort, OS and disease-free survival were calculated from the date of cystectomy. Cox regression was used to estimate associations between factors of interest and OS and PFS. Multivariable Cox regression included genetic factors of interest and adjusted for patient and disease characteristics determined based on a combination of clinical and statistical considerations. Additional exploratory analyses were performed based on potentially deleterious DDR alterations status, first with deleterious mutations as determined by in silico analysis and second with deleterious mutations as determined by literature review, as described above. Trend tests were conducted using logistic regression when the outcome was binary or linear regression with log-transformation for continuous outcomes.
A p-value <0.05 was considered statistically significant. All analyses were conducted using R software version 3.1.1 (R Core Development Team, Vienna, Austria).
Results
Patient Cohort
One hundred patients underwent pretreatment tumor sequencing and met the study entry critera between 10/2012 and 9/2015. The median age of the cohort was 66 years (range: 41 -85) with the majority being males (67.0%), which is reflective of urothelial cancer patients. Primary sites were mostly bladder (n = 82), upper urinary tract (n=14) and urethra (4). Most patients (61.0%) had visceral metastases (hepatic, pulmonary or osseous), and 56.0% received a cisplatin-based regimen while the remaining received carboplatin-based treatment. Most received gemcitabine-based regimen (83.3%) while the remainder received carboplatin/paclitaxel (n=5), multi-drug regimens (ITP, GTP, MVAC, n=8) and two received carboplatin monotherapy (Table 1) .
DDR Status and Baseline Characteristics
Forty-seven patients harbored alterations in DDR genes. Most of these patients had only 1 alteration (28/47; 59.6%), while 10 had 2 alterations and 9 had three or more alterations.
More patients were treated with cisplatin in the subgroup with DDR alterations (68.1% vs. 45.3%, p=0.027). Frequency of visceral metastases (53.2% vs. 67.9%, p=0.154) and other clinicopathologic characteristics were equally distributed (Table 1) .
Clinical Outcomes
Median follow-up time among patients alive without progression was 14.1 months (range: 2.9 -65.3). Median PFS for the entire cohort was 7.4 months (95% CI 6.2 -8.8), which is similar to published reports. 1, 18 Patients with DDR alterations had significantly improved PFS of 9.3 months (95% CI: 7.3 -13.4) compared to 6.0 months (95% CI 4.5 -8.4) for those without DDR alterations (log rank p=0.007) ( Figure 1A ). DDR alterations, performance status, platinum type, and prior peri-operative platinum were significantly associated with PFS in uni-and multivariable analyses( Table 2 ).
Median follow-up time among survivors was 17.4 months (range: 2.9 -104.5); median OS in the entire cohort was 17.8 months (95% CI 13.0 -23.7). Patients with DDR alterations had significantly longer OS of 23.7 months (95% CI: 18.4 -not reached) compared to 13.0 months (95% CI: 10.7 -19.2) for those without DDR alterations (log-rank p=0.006)( Figure  1B ). In univariable analysis, performance status, visceral metastases and platinum type were significantly correlated with OS. In multivariable analysis, only performance status and DDR alteration remain independent prognostic indicators for OS. (Table 2 ) As more patients with DDR alteration were treated with cisplatin, we performed additional analysis to test for interaction between type of platinum chemotherapy and DDR status. No significant interaction was observed (p=0.938), suggesting that the effects of DDR alterations on OS are not different between patients who received carboplatin and those who received cisplatin.
Eighty-four patients were evaluable for objective response. Response rates were comparable regardless of DDR status (57.5% vs. 52.3%, p=0.666).
Predicted Impact of DDR Gene Alterations
Among the 47 patients with DDR alterations, 120 alterations were identified. Most were missense mutations (100/120, 83.3%) while the remaining were truncating (nonsense, splice site or frameshift alterations). Amongst the missense mutations, there were 95 unique mutations, of which only 13 were previously reported in COSMIC, published literature, or screening against a pan-cancer hotspot analysis of 11,119 tumors. 17 In silico evaluation of these missense mutations identified 66% to be potentially deleterious according to either MutationAssessor or Polyphen-2. (Supplemental table 2) When deleterious status was determined by in silico evaluation, 39% of the cohort was considered to harbor deleterious DDR alterations. There was no significant difference between those with deleterious and non-deleterious DDR alterations with regards to PFS (p=0.600) or OS (p=0.395 
DDR Alteration Numbers and Mutational Burden
Although MSK-IMPACT contains a targeted panel of 341 genes and therefore covers only a fraction of the entire genome, the results constitute a strong surrogate for total mutation burden when applied to the TCGA dataset (Supplemental figure 2) , with a Spearman correlation of r = 0.821, which represents strong correlation.
Compared to those without DDR alterations, patients with DDR alterations displayed a significantly higher number of mutations (Median 10 vs 7, p<0.001) and copy number alterations (median 3 vs 1, p<0.001)
Patients were divided into four subgroups based upon the number of DDR alterations (0, 1, 2, and ≥3). The number of DDR alterations was significantly associated with higher number of total mutations and copy number alterations (Supplemental figures 3A & 3B).
Increasing number of total mutations showed a trend towards increased response rate (odds ratio 1.06, 95% CI 0.99 -1.14, p=0.091) and PFS (HR 0.97, 95% CI 0.98 -1.00, p=0.079), while showing statistically significant OS improvement (HR 0.93, 95% CI 0.88 -0.98, p=0.010). Adjusting for DDR status, trends towards improved response rates and OS were noted with increasing total mutation load (response rate: p=0.084, OS: p=0.056) but not for PFS (p=0.294). These relationships were graphically explored by examining mutation load as quartiles (Supplemental figures 4A-C).
DDR Alterations and Metastatic Disease Distribution
Clinical documentation of sufficient detail was available for 90 patients to explore the relationship between sites of metastatic involvement and DDR status. Visceral involvement showed an inverse trend with increasing number of DDR alterations (No DDR alteration/1 alteration/>1 alterations: 67.9%/60.7%/42.1%) (figure 2A), largely driven by low prevalence of hepatic (figure 2C) and pulmonary (figure 2D) involvement among DDR altered patients. (hepatic: 20.0%/7.7%/0%; pulmonary: 36.0%/30.8%/14.3%).
The opposite phenomenon was observed, with a positive correlation between increasing number of DDR alterations and node-only metastatic disease (figure 2B) (22.0%/19.2%/ 57.1%) or nodal metastasis regardless of other sites of disease (figure 2F) (58.0%/53.9%/ 92.9%).
Influence of Individual DNA Repair Pathways on Clinical Outcomes
The DDR alterations were divided into alterations in individual DNA damage repair or response pathways: nucleotide excision repair (NER) (15%), mismatch repair (MMR) (9%), homologous recombination (HR) (11%), Fanconi anemia (FA) (16%), and DNA damage response checkpoint (23%). As POLE does not fall under any specific pathway and was altered in 6% of patients in the study, it was considered independently as well.
Alterations in different pathways exerted different magnitudes of effect on PFS and OS in exploratory analyses, most pronounced with POLE, damage response checkpoint and NER for PFS and POLE and NER for OS ( Figures 3A, 3B ).
Of the six cases with POLE alterations, two had significantly higher total number of alterations, at 27 and 42 alterations, respectively. The first of these had six different POLE alterations, including a nonsense mutation (R114*) and a missense mutation (P436H) within the exonuclease domain. The second harbored a missense alteration (R231H), also located within the exonuclease domain.
DDR Alterations and Clinical Outcomes in TCGA Cohort
The publicly available TCGA clinical and sequencing data were accessed, the most recent version which was updated on January, 28 th 2016. However, only 112 patients have both complete clinical and sequencing data available on cBioPortal or Firehose. Of these patients, 74 patients were treated with only radical cystectomy while only 38 patients received adjuvant chemotherapy.
For those who were treated with radical cystectomy alone, DDR alteration status was not associated with both disease-free survival (hazard ratio 1.18, 95% CI 0.49 -2.80, p=0.729) and OS (HR 0.77, 95% CI 0.42 -1.42, p=0.408).
For the 38 patients who received radical cystectomy followed by adjuvant chemotherapy, DDR alteration status also was not associated with both disease-free survival (HR 0.43, 95% CI 0.12 -1.48, p=0.181) and OS (HR 1.40, 95% CI 0.58 -3.36, p=0.453).
Discussion
We examined the association between DDR alterations and clinical outcome in a cohort of urothelial carcinoma patients treated with first-line platinum-based chemotherapy. We observed that 48% of tumors contained alterations in DDR genes, and that their presence was an independent indicator of improved PFS and OS. Tumors with DDR gene alterations were also characterized by higher total mutation burden, lower rate of visceral metastases, and higher rate of nodal metastases.
Dysregulation of DNA repair genes has long been implicated in both carcinogenesis and prognosis of urothelial carcinoma. Polymorphisms in various DDR genes such as ERCC2 or NBN have previously been associated with the development of urothelial carcinoma 19 and ERCC1 over-expression has been linked to poorer outcomes. [20] [21] [22] [23] The advent of next generation sequencing has allowed more in-depth interrogation of DDR pathways. In a study of 50 patients treated with cisplatin-based neoadjuvant chemotherapy, ERCC2 mutation was significantly enriched in the subset with ypT0/ypTis disease. 11 Similarly, Plimack and colleagues demonstrated that alterations in one or more of the three DDR genes, ATM, RB1 and FANCC predicted increased likelihood of pathologic complete response following neoadjuvant cisplatin-based chemotherapy. 10 In our study cohort, mutations in ERCC2, ATM and FANCC were only detected in 5, 9 and 1% of patients and, individually they were not significantly associated with clinical outcomes (data not shown). With a similar DDR gene panel detected on the MSK-IMPACT platform, we have also recently shown that presence of DDR alterations is associated with increased response to neoadjuvant chemotherapy 16 and a trend towards improved outcomes to chemoradiation. 24 Performing whole exome sequencing on 81 resected urothelial carcinoma cases with no prior neoadjuvant chemotherapy, Yap and colleagues observed an increased rate of mutations in ATM, ERCC2, FANCD2, PALB2, BRCA1 and BRCA2. Tumors with mutation in at least one of these genes had significantly higher overall numbers of somatic mutations 25 and longer recurrence-free survival. Similarly, we observed that number of alterations in DDR genes was positively correlated with total number of mutations and copy number alterations. Although the MSK-IMPACT panel contained only 341 genes and therefore represents only a fraction of the entire genome, we demonstrated that the total mutation burden defined in our panel serves as an accurate surrogate for total mutation burden found using whole exome sequencing from the TCGA dataset, an approach that was also shown recently using the Foundation One assay in a large phase II clinical trial of atezolizumab 26 . Furthermore, our data also showed that tumors with higher mutation load also demonstrated a trend toward superior response and OS, independent of DDR status.
Recently, immune checkpoint blockade has revolutionized management of many disease types, including urothelial carcinoma. High mutation burden is associated with clinical benefit with checkpoint inhibitors [26] [27] [28] [29] . Conversely, visceral metastatic involvement has been a recognized negative predictor of immunotherapy response 26 and overall survival 6 . In this study, we observed an association between the number of DDR alterations, high mutation load, low visceral involvement and frequent nodal dissemination. Parallel phenomenon has been observed in microsatellite unstable colorectal cancer which is exquisitely sensitive to immune checkpoint inhibitors 27 . The underlying mechanistic etiology remains elusive, though it may bridge somatic DDR alterations, chemotherapy and immunotherapy in management of this lethal disease and is worthy of further investigation.
In our study cohort, alterations in POLE were observed in 6 patients. Three of these had only 1 DDR alteration and 3 had additional alterations, with a significantly higher number of total mutations compared to the rest of the cohort. In exploratory analyses, an improved trend towards PFS and significant improvement in OS were observed in POLE mutant patients. Mutations in POLE were also observed in 5% of the TCGA bladder cancer cohort. To date, POLE mutations have been associated with 1.5 -2% of unselected colorectal cancer cases 30,31 and 5.6 -9.7% of endometrial carcinoma 32, 33 . These tumors are characterized by an ultra-mutated phenotype and in high grade endometrial carcinoma, are associated with superior outcome 32 . Endometrial carcinomas with POLE mutations were found to contain significantly higher neoantigen load, a higher number of CD8+ tumorinfiltrating lymphocytes and over-expression of lymphocytic PD-1 as compared to tumors with microsatellite instability or wild-type tumors 34 . Although not confirmed in bladder cancer, these findings suggested that POLE mutations might represent a subset of clinically unique disease with better prognosis and potentially enhanced response to both chemotherapy and immunotherapy.
There are several limitations to our study. Due to the retrospective nature of this analysis, we cannot distinguish between DDR alteration's prognostic role and their function as predictors of platinum sensitivity or resistance. However, to investigate this, we evaluated whether DDR status is prognostic for survival in muscle invasive urothelial carcinoma not treated with perioperative chemotherapy based on available data from the bladder cohort of TCGA. Seventy-four patients received cystectomy alone, and DDR status did not appear to correlate with outcomes. No conclusions can be drawn regarding the association between DDR status and survival with adjuvant chemotherapy in the TCGA cohort, as only 38 patients with data available received adjuvant chemotherapy. Furthermore, since platinum-based chemotherapy is standard of care for metastatic urothelial carcinoma, it will require a prospective randomized trial involving a platinum-free chemotherapy arm to confirm the predictive role of DDR gene alterations. Secondly, our sample size is inadequate for more detailed investigation into the contribution of each DDR gene to the observed results. In addition, not all DDR genes are present in MSK-IMPACT. We attempted to overcome some of these limitations by grouping alterations within DDR pathways, each of which has shown variable degree of impact on clinical outcomes. Thirdly, not all alterations confer similar degree of functional impact on DNA damage response and repair capability, especially missense mutations which may result in varying hypomorphic effects. We used two different methodologies to identify potentially deleterious DDR alterations. Non-deleterious alterations as determined using in silico models were noted to demonstrate comparable OS and PFS advantages, as compared to those predicted to be deleterious. It is possible that some of these alterations were novel functional alterations that remain uncharacterized but are in fact deleterious. On the other hand, the more stringent selection criteria in our second approach 16 appeared to show numerically superior OS, and thus could serve as a selection criteria for future validation efforts.
In conclusion, our study demonstrates that defects in DDR genes are prevalent in advanced urothelial carcinoma and have significant impact upon sensitivity to platinum therapy. This is consistent with our group's prior observation on DDR genes' influence on localized muscle-invasive urothelial carcinoma of the bladder treated with neoadjuvant cisplatin-based chemotherapy 16 and chemoradiotherapy. 24 The prognostic and predictive contributions of individual genes and pathways will be further investigated and validated in prospectively collected tumor specimens from a recently completed phase III trial of gemcitabine and cisplatin with or without bevacizumab (CALGB 90601). DDR gene alterations might also provide the missing link between platinum sensitivity and immunotherapy responsiveness via modulation of mutation burden, and further studies are required to further elucidate this relationship.
Translational Relevance
Platinum-based chemotherapy remains the standard of care for advanced urothelial carcinoma. However, toxicity rate is high and only subset of patients benefits from therapy. There is no validated biomarker to date to guide treatment for these patients with lethal urothelial carcinoma.
Next generation sequencing efforts have characterized the genomic landscape of urothelial carcinoma. Utilizing our institutional CLIA-certified and NGS platform, this study identified a high rate of somatic alterations in DNA damage response and repair mechanisms which were associated with improved clinical outcomes.
We are currently validating our observation with tissues from the large phase III CALGB 90601trial. This can constitute the first step towards personalized treatment selection for patients with advanced urothelial carcinoma with a validated clinical sequencing platform, where only patients with defective DNA damage repair mechanism are offered platinum-based chemotherapy while clinical trials or immunotherapy can be considered for the other patients. Influence of alterations in individual DDR pathways or components on (A) Progression-free survival and (B) overall survival. 
